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NAD Specificity of Bacterial
DNA Ligase Revealed
In this issue of Structure, crystallographic snapshots
of a bacterial DNA ligase in complexes with its sub-
strate NAD and its product NMN are revealed (Gaji-
wala and Pinko, 2004). The structures illustrate a novel
reaction of DNA ligase and highlight the NMN binding
site as a target for new antimicrobials.
DNA ligases are grouped into two families, ATP-depen-
dent ligases and NAD-dependent ligases, according
to their nucleotide substrate requirement. DNA ligases
seal 5-phosphate and 3-hydroxyl termini by means of
three nucleotidyl transfer reactions. In the first step,
attack on the  phosphorus of ATP or NAD by ligase
results in release of pyrophosphate or nicotinamide
mononucleotide (NMN) and the formation of a covalent
ligase-adenylate intermediate in which AMP is linked
via a phosphoamide bond to lysine. In the second step,
the AMP is transferred to the 5 end of the 5 phosphate-
terminated DNA strand to form a DNA-adenylate inter-
mediate. In the third step, ligase catalyzes attack by the
3 OH of the nick on DNA-adenylate to join the two
polynucleotides and release AMP.
The ATP-dependent DNA ligases are found in all three
domains of life (bacteria, archaea, and eukarya), whereas
Figure 1. NMN Binding to Domain Ia and Conformational Changesthe NAD-dependent enzymes are present only in bac-
during Ligase Adenylylation
teria (Wilkinson et al., 2001). All known bacterial species
(A) A schematic model of the component steps of the LigA reactionencode a highly conserved NAD-dependent DNA li-
with NAD, whereby the AMP moiety (Ap) binds in its pocket in the
gase (LigA), which is essential for growth, even in cases nucleotidyltransferase domain, triggering closure of domain Ia and
where the bacterium encodes additional ATP-depen- engagement of the NMN moiety (Np) by the constellation of five
amino acids on the surface of domain Ia. The NMN leaving groupdent ligases. Therefore, LigA presents an attractive tar-
is thereby positioned apically for in-line attack of the lysine nucleo-get for broad-spectrum antimicrobial therapy predi-
phile to form the covalent ligase-adenylate adduct. Domain Ia thencated on blocking the reaction of LigA with NAD.
shifts to an open conformation, which leaves the surface of theWhereas the crystal structure of a LigA apoenzyme and
nucleotidyltransferase domain available to bind DNA. Although the
the covalent LigA-adenylate intermediate revealed that model posits that the AMP component of NAD docks first, it is
the AMP binding pocket was located within a nucleoti- conceivable that NMN binding to domain Ia occurs first and then
triggers delivery of the AMP component to the nucleotidyl trans-dyltransferase domain shared with ATP-dependent DNA
ferase domain.ligases (Lee et al., 2000; Odell et al., 2000), biochemical
(B) A cartoon depiction of the open conformation of the ligase-NMNstudies showed that reactivity of LigA with NAD re-
product complex crystallized by Gajiwala and Pinko (2004). Additionquires an additional N-terminal module (domain Ia),
of 100 mM AMP triggers domain closure and NAD synthesis in the
which is unique to, and conserved among, NAD ligases, active site.
but absent from ATP-dependent ligases (and from other
known NAD-requiring enzymes) (Sriskanda and Shu-
man, 2002). Mutations of five individual amino acids covalent connection of NMN to AMP, thereby exposing
a DNA binding site overlying the lysyl-adenylate adductwithin domain Ia either reduced or abolished sealing of
a 5 PO4 nick and adenylate transfer from NAD, without (Figure 1A).
Although models are nice (especially when provenaffecting ligation of preformed DNA-adenylate. It was
suggested that these five side chains comprise a binding correct), all kudos are now due to Gajiwala and Pinko,
who report in this issue of Structure the crystal structuresite for the NMN moiety of NAD (Sriskanda and Shu-
man, 2002). A series of domain motions was proposed of Enterococcus faecalis LigA in complexes with NMN
and NAD. First, an N-terminal LigA fragment, com-whereby domain Ia would close over the nucleotidyl-
transferase domain to capture and orient the NMN moi- posed of domain Ia and the nucleotidyltransferase do-
main, was crystallized bound to NMN. This structureety of NAD in a position apical to the attacking lysine
nucleophile and then spring open upon rupture of the captured LigA in an open conformation, wherein NMN
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engaged in extensive contacts to amino acids within that in silico conditions are themselves conducive to
domain Ia, specifically to the constellation of five resi- revealing novel reactions.
dues that were found to be essential for the adenylyl- The structure of the LigA-NAD complex reveals that
transferase activity of E. coli LigA. The nicotinamide domain closure creates a new interface between the Ia
base is sandwiched in a stack between two conserved and nucleotidyl transferase modules, thereby providing
tyrosines. An invariant asparate makes a hydrogen bond another potential target for interference with LigA activ-
to the amide nitrogen of nicotinamide. Another invariant ity by a small molecule. Bro¨tz-Oesterhelt et al. (2003)
aspartate coordinates the ribose 2 O, and a tyrosine have conducted a high throughput screen that identified
(or a histidine in EcoLigA) donates a hydrogen bond to pyridochromanones as inhibitors of LigA function in vitro
the NMN phosphate. At first sight, the NMN binding site and in vivo. Although inhibition was reportedly competi-
appears eminently “drugable.” tive with respect to NAD, a LigA mutation conferring
The surprising finding made by Gajiwala and Pinko resistance to pyridochromanone was mapped to a single
was that exposure of their crystal of NMN bound LigA to amino acid change in a domain distal to the Ia and
100 mM AMP resulted in a rearrangement of the crystal nucleotidyltransferase modules. Obviously, the struc-
lattice, caused by a large rigid-body rearrangement of ture of a LigA-pyridochromanone complex would be
domain Ia into a closed conformation, entailing an im- highly informative. We can anticipate that the present
pressive 80 A˚ movement of the N terminus of the protein structural characterization of the NMN binding site in
and resulting in de novo synthesis of NAD in the active domain Ia will fuel efforts to discover new small mole-
site by reaction of the bound NMN with AMP (Figure cules that compete for this site.
1B). This reaction had not been described previously
for any polynucleotide ligase, the novelty being that re-
Stewart Shumanversal of the ligase adenylylation reaction normally en-
Molecular Biology Programtails attack of NMN (or pyrophosphate in the case of
Sloan-Kettering Institute for Cancer ResearchATP-dependent ligases) on the covalent lysyl-AMP in-
New York, New York 10021termediate. Here, instead, the unadducted AMP is
chemically reactive with NMN. An interesting question
Selected Readingis whether the phosphoanhydride bond in NAD is gen-
erated by a single-step mechanism (direct attack) or Bro¨tz-Oesterhelt, H., Knezevic, I., Bartel, S., Lampe, T., Warnecke-
through a lysyl-AMP intermediate. It is also fascinating Eberz, U., Ziegelbauer, K., Ha¨bich, D., and Labischiinski, H. (2003).
that NAD synthesis occurs in the absence of an exoge- J. Biol. Chem. 278, 39435–39442.
nous divalent cation, which is essential for the normal Gajiwala, K., and Pinko, C. (2004). Structure 12, this issue, 1449–
ligase adenylylation reaction. The finding that a domain 1459.
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12, 327–339.of AMP is reminiscent of the presence of AMP in the
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S.T., and Suh, S.W. (2000). EMBO J. 19, 1119–1129.crystallized in the absence of added nucleotide (Ho et
al., 2004). In that case, the AMP was apparently gener- Odell, M., Sriskanda, V., Shuman, S., and Nikolov, D.B. (2000). Mol.
Cell 6, 1183–1193.ated by hydrolysis of the ligase-adenylate adduct within
the crystal. An emerging theme is either that the isolated Sriskanda, V., and Shuman, S. (2002). J. Biol. Chem. 277, 9685–9700.
domains of polynucleotide ligases are capable of novel Wilkinson, A., Day, J., and Bowater, R. (2001). Mol. Microbiol. 40,
1241–1248.reactions not described for the full-length proteins or
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Although they differ by as much as 50% in sequence,Complete Three-Dimensional
the polymerases encoded by human rhinovirus (HRV)Structures of Picornaviral 14, HRV16, and HRV1b, solved at 2.8, 2.5, and 2.3 A˚
resolution, respectively, are nearly superimposable withRNA-Dependent RNA Polymerases
each other and with a new structure of the polymerase
of poliovirus, recently solved to 2.0 A˚ resolution by
Thompson and Peersen (2004). These new structures
differ from the previously published three-dimensional
structure of the poliovirus RdRp (Hansen et al., 1997) in
In this issue of Structure, Love et al. report the three- that virtually all amino acids are resolved, because both
dimensional structures of the RNA-dependent RNA new groups achieved crystallization conditions that im-
polymerase (RdRp), 3Dpol, from three different human mobilized the extremely flexible N-terminal sequences
of the molecules, yielding crystals. In the case of therhinovirus serotypes.
